Peribiliary glands (PBG) are a source of stem/progenitor cells organized in a cellular network encircling large bile ducts. Severe cholangiopathy with loss of luminal biliary epithelium has been proposed to activate PBG, resulting in cell proliferation and differentiation to restore biliary epithelial integrity. However, formal evidence for this concept in human livers is lacking. We therefore developed an ex vivo model using precision-cut slices of extrahepatic human bile ducts obtained from discarded donor livers, providing an intact anatomical organization of cell structures, to study spatiotemporal differentiation and migration of PBG cells after severe biliary injury. Postischemic bile duct slices were incubated in oxygenated culture medium for up to a week. At baseline, severe tissue injury was evident with loss of luminal epithelial lining and mural stroma necrosis. In contrast, PBG remained relatively well preserved and different reactions of PBG were noted, including PBG dilatation, cell proliferation, and maturation. Proliferation of PBG cells increased after 24 hours of oxygenated incubation, reaching a peak after 72 hours.
and bile duct. (2, 3) In this concept, PBG are activated upon injury and driven by molecular pathways to restore the compromised integrity of the luminal biliary epithelium in various cholangiopathies.
Up to now, the activation of PBG has been observed in patients with hepatolithiasis, primary sclerosing cholangitis, and posttransplant cholangiopathies. (3) (4) (5) (6) Our understanding of PBG and their behavior in pathological conditions is based on findings in cross-sectional studies, animal studies, and cell cultures. These models have not provided definite proof of the functional and morphological recovery of the biliary epithelial lining by a coordinated response of PBG cells after severe injury of the large bile ducts in humans. Further studies to investigate the molecular interactions of PBG in the context of pathological conditions are hampered by a lack of experimental models in which the proliferation, migration, and maturation of human PBG cells can be studied.
The aim of the current study was to develop an ex vivo human model to recapitulate the cellular organization of the PBG niche within the human bile duct, thus allowing the spatiotemporal study of PBG proliferation, maturation, and migration in regeneration processes after injuries. Specifically, we used this model to explore the role of PBG cells in the postischemic recovery of bile ducts, as may occur after liver transplantation.
Materials and Methods

DoNoR lIVeRS
Bile duct tissue was obtained from 16 adult human donor livers that were declined for transplantation within the Eurotransplant area. All livers were procured as part of a multiorgan donation procedure using a standard technique of in situ cooling and flush-out with ice-cold University of Wisconsin preservation fluid. During procurement, the cystic duct was ligated and bile ducts gently flushed retrograde with preservation fluid. Livers were transported to our center using static cold storage.
The use of donor livers for research was approved by the medical ethical committee of the University Medical Center Groningen and the "Nederlandse Transplantatie Stichting," the competent authority for organ donation in the Netherlands. In all cases, informed consent was obtained from donor families to use the livers for research purposes. None of the donor organs used in this study were obtained from executed prisoners or other institutionalized persons.
pRepaRatIoN oF BIle DUCt SegMeNtS
Upon arrival of a donor liver at our center, the large intrahepatic and extrahepatic bile ducts were dissected and removed while maintaining constant cooling of the tissue. Surrounding (adipose) tissue was carefully removed while avoiding manipulation of the bile duct wall. Bile duct dissection occurred from the distal end of the common bile duct until proximal of the biliary bifurcation to the right and left hepatic ducts. Main parts of the right and left hepatic ducts were included ( Fig. 1) . Subsequently, the dissected bile ducts were cut in segments of approximately 15 mm to be fixed in 3% low-melting agarose (wt/vol) solution (Sigma-Aldrich, Steinheim, Germany) in 0.9% NaCl at 37°C in cylindrical cores. The cores were positioned in an embedding unit filled with crushed ice. Due to the cooling, the agarose solidified and a solid-like structure was created, suited for slicing. Simultaneously, Krebs-Henseleit buffer (KHB) solution was prepared and kept at 0-4°C on melting ice. (7) The KHB solution was oxygenated with 95% O 2 /5% CO 2 for 30 minutes and adjusted to a pH of 7.4.
pReCISIoN-CUt BIle DUCt SlICINg pRoCeDURe
A Krumdieck tissue slicer (Alabama Research and Development, Munford, AL) filled with ice-cold KHB solution was used for precision-cut bile duct slicing. (8) Blade and arm speed were adjusted to the tissue strength. The tissue slices were collected in icecold oxygenated KHB solution.
INCUBatIoN oF BIle DUCt SlICeS
Biliary slices were transferred from the cold oxygenated KHB solution to prewarmed oxygenated 12-well plates filled with 1.3 mL Williams' medium E glutamax-I (Gibco, Paisley, United Kingdom) containing 1.1 g/mL of D-glucose and 2 mg/mL ciprofloxacin per well ( Fig. 1 ). Slices at baseline were harvested directly after the slicing procedure. Plates with slices were placed in a shaking incubator (shaking at 90 cycles per minute at 37°C) under continuous supply of 80% O 2 /5% CO 2 . (9) Thereafter, every 24 hours, the medium was refreshed and slices were harvested for immunohistochemistry and for real-time quantitative PCR for up to 144 hours. For immunohistochemistry, harvested slices were fixed in 10% buffered formalin and embedded in low-temperature fusion paraffin (55°C-57°C), and 3-4-µm sections were prepared and mounted on glass slides for histological and immunohistochemical assessment. For real-time quantitative PCR, harvested slices were preserved in 400 mL of RNAlater solution (Sigma-Aldrich, Steinheim, Germany), snap-frozen, and stored at −80°C.
HIStology aND IMMUNoHIStoCHeMIStRy
Sections were prepared for hematoxylin and eosin staining for histological assessment. For immunohistochemistry, tissue sections were deparaffinized through a graded alcohol series and rinsed in phosphate-buffered saline (PBS; pH 7.4). Stainings for epithelial cell adhesion molecule (EpCAM) and calretinin were applied using an automated immunohistologic staining system (BenchMark ULTRA; Roche Ventana Medical Systems, Tucson, AZ) and by applying the Ultraview DAB detection kit of the same company. Regarding all other stainings: Endogenous peroxidase activity was blocked by a 30-minute incubation in H 2 O 2 . Antigen retrieval for cytokeratin 19 (CK19) and Ki-67 was performed with Tris/HCl pH 9.0 buffer at 80°C overnight and Tris/ethylene diamine tetraacetic acid pH 9.0 buffer in the microwave for 15 minutes, respectively. Antigen retrieval for the other stainings was done using citrate at 90°C for 30 minutes. After cooling down of the sections and PBS wash for 5 minutes, first antibodies were applied for 1 hour ( Supporting Table S1 ). Next, for CK19 and Ki-67, a 30-minute incubation was applied with peroxidase-labeled goat anti-rabbit antibody (for CK19) or rabbit anti-mouse antibody (for Ki-67) in dilution 1:100. Rabbit anti-goat for CK19 and goat anti-rabbit for Ki-67 were used as third antibodies (1:100 dilution). For the other stainings, samples were incubated for 20 minutes with secondary biotinylated antibody and then Streptavidin-HRP (LSAB+ System-HRP, code K0690; Dako). The staining reaction was developed by 3,3′-diaminobenzidine and counterstained with hematoxylin. Images of the sections were scanned and subsequently analyzed using Aperio ImageScope software (version 11.0.2.725; Aperio Technologies, Vista, CA). Ki-67 stainings were used to measure the proliferation index in each slide. All PBG cells were manually counted in the slices. Proliferation index was calculated as Ki-67-positive PBG cells relative to all PBG cells in the slide:
For immunofluorescence, nonspecific protein binding was blocked by 5% normal goat serum. Specimens were incubated with primary antibodies. Cells were washed and incubated for 1 hour with labeled isotype-specific secondary antibodies (anti-mouse AlexaFluor-546, antimouse AlexaFluor-488, anti-rabbit AlexaFluor-488, anti-goat AlexaFluor-546; Invitrogen, Life Technologies Ltd, Paisley, United Kingdom) and counterstained with 4′,6-diamidino-2-phenylindole for visualization of cell nuclei. To perform double immunofluorescence with two mouse primary antibodies, we followed a threestep protocol as previously described (10) : Sections were incubated with anti-vascular endothelial growth factor receptor (VEGFR) 2; then, an anti-mouse secondary fluorescent antibody (AlexaFluor-488) was applied; finally, the antibody for cluster of differentiation 31 was prelabeled with a fluorophore using the APEX-594 labeling kit (Invitrogen, catalog #A10474) and was applied to the section. All antibodies were diluted (1:50) and incubated at room temperature for 1 hour. For all immunoreactions, negative controls (the primary antibody was replaced with preimmune serum) were also included. Sections were examined in a coded fashion by Leica Microsystems DM 4500 B Light and Fluorescence Microscopy (Weltzlar, Germany), equipped with a Jenoptik Prog Res C10 Plus Videocam ( Jena, Germany). Immunofluorescence stainings were also analyzed by confocal microscopy (Leica TCS-SP2). Slides were further processed with an Image Analysis System (Delta Sistemi, Rome, Italy). Expression of cleaved caspase-3 and vascular endothelial growth factor A (VEGF-A) was independently evaluated by two researchers (E.G. and G.C.) in a blinded fashion using a semiquantitative scoring system. (11) Briefly, when 0%-5% of the bile ducts were positive, we assigned a negative score; a ± score was assigned when 6%-10% of the bile ducts were positive; a + score was assigned when 11%-30% of the bile ducts were positive; a ++ score was assigned when 31%-50% of the bile ducts were positive; and a +++ score was assigned when more than 50% of the bile ducts were positive. Quantification of sex-determining region Y-box 9 (Sox9) and proliferating cell nuclear antigen (PCNA) expression was performed calculating the percentage positive PBG cells. Similarly, Sox9+ or Sox9-PBG cells coexpressing PCNA/cleaved caspase-3 were calculated as percentage positive PCNA/cleaved caspase-3 cells with respect to all Sox9+ or all Sox9-cells. All histological analyses were supervised by an experienced hepatopathologist (A.S.H.G.).
Real-tIMe QUaNtItatIVe pCR
Biliary mRNA expression of relevant genes was determined by real-time quantitative PCR. RNA was isolated from bile duct slices that were snap-frozen and stored at -80°C. Total RNA was extracted using Proliferation index = Ki-67-positive PBG cells All PBG cells in slide × 100
RNAaesy mini kit (Qiagen, Venlo, the Netherlands) according to the manufacturer's instructions. An additional step for purification of nucleic acid extraction in the protocol was performed using phenol-chloroformisomylalcohol (Sigma-Aldrich, Steinheim, Germany; code 77617) and chloroform-isomylalcohol (Sigma-Aldrich, Steinheim, Germany; code 25666) after homogenization of the tissue. RNA concentrations were measured on a NanoDrop ND-1000 fullspectrum (220-750 nm) spectrophotometer (Thermo Scientific, Wilmington, MA). Single-stranded complementary DNA (cDNA) was synthesized using Reverse Transcriptase System (Promega, Leiden, the Netherlands) according to the manufacturer's instructions in a total volume of 20 μL. cDNA was diluted to a concentration of 2 ng/μL for real-time quantitative PCR analysis. PCR reactions were performed in duplicate in 10-μL reaction volume containing 5 μL TaqMan real-time quantitative PCR mastermix (Eurogentic, Liege, Belgium) and 5 μL cDNA. The following predesigned TaqMan primers were used: CK19 (Hs00761767_S1), Nanog (Hs02387400_g1), and CFTR (Hs00357011_m1), obtained from Applied Biosystems. Thermal cycling and fluorescence detection were performed on a ViiATM 7 Real-Time PCR system (Applied Biosystems). Expression levels were corrected using glyceraldehyde 3-phosphate dehydrogenase as reference gene (ΔCt) and compared with baseline (ΔΔCt). Results are displayed as fold change (2 −ΔΔCt ).
StatIStICal aNalySeS
Continuous variables were expressed as mean ± SEM. Categorical variables were presented as number and percentage. Continuous variables were compared between time points with a paired t test. GraphPad Prism 7 (GraphPad Software, La Jolla, CA) was used for presenting data in graphs. All statistical analyses were performed using SPSS software version 23 for Windows (SPSS, Inc., Chicago, IL).
Results
pRepaRatIoN oF pReCISIoN-CUt BIle DUCt SlICeS
Donor characteristics of the 16 discarded donor livers used in the experiments are presented in Supporting Table S2 . All livers but one were obtained from donation after circulatory death donors. The main reasons that livers were declined for transplantation were advanced age or steatosis in combination with donation after circulatory death. The average length of the dissected bile duct segment was 8 cm. Per bile duct segment, a minimum of 80 bile duct slices with a thickness of approximately 300 µm were obtained ( Fig. 1 ).
pBg aND StRoMal INJURy aFteR ISCHeMIa aND ReoXygeNatIoN oF HUMaN BIle DUCt SlICeS
The mean cold ischemic period before oxygenated incubation of precision-cut bile duct slices was 649 ± 66 minutes. Baseline histology of bile ducts revealed severe tissue injury with complete loss of luminal biliary epithelial lining and mural stroma necrosis. In contrast, PBG cells were relatively well preserved with fewer signs of cell death at baseline (Figs. 2C, 3A). Morphology of PBG during incubation varied from a well-preserved cellular phenotype and architecture to total destruction of cells, causing collections of empty acini with cell debris, suggesting a process of necrosis. Some PBG showed dilatation, which appeared with or without necrotic PBG collections in the same section ( Fig. 2A) . Strikingly, at baseline, PBG were organized in compact clusters with small PBG cells, whereas at later time points PBG acini were found to be more separated (Fig. 3A) . A significantly shorter distance between PBG was calculated at baseline (18 μm ± 0.04) compared with 72 hours of incubation (73 μm ± 0.15; P = 0.001). Immunohistochemical evidence of cleaved caspase-3 expression was found for both PBG and surrounding stromal cells, indicating the activation of apoptotic cell death ( Fig. 2B ). After oxygenated incubation, expression of cleaved caspase-3 in PBG cells was significantly lower at 72 and 144 hours, compared with baseline (P = 0.036) (Fig. 2B ). The percentage of vital PBG cells increased slightly after baseline and remained around 50% up to 144 hours of incubation. In contrast, the percentage of vital surface epithelial cells increased from 0% to 32% during 144 hours of incubation ( Fig. 2C ). Some of the PBG collections were surrounded by a concentric organization of stroma ( Fig. 2A ) composed of alpha-smooth muscle actinpositive (desmin and caldesmon negative) myofibroblasts (Figs. 2D, 3B). Immunohistochemistry for von Willebrand factor showed the presence of vessels within the duct wall stroma and near PBG ( Fig. 2E ). Some vessels displayed signs of damage, characterized by dilatation and loss of endothelial cells. In general, the presence of stromal cells (myofibroblasts and vessels) in the bile duct slices indicated an almost intact anatomical organization of the tissue. Furthermore, the response of PBG to hypoxic conditions was studied by investigating expression of a postischemic restorative response (i.e., hypoxia-inducible factor 1 alpha [HIF-1α], glucose transporter 1 (Glut-1), and VEGF-A). PBG showed increased expression of the hypoxia markers HIF-1α (at a nuclear level), Glut-1, and VEGF-A over time ( Fig. 4A-C) , thus suggesting the activation of HIF-dependent and proangiogenic pathways. When VEGFR expression was studied, PBG were positive for VEGFR-1 and R-2, suggesting both an autocrine effect and a paracrine stimulation of neighboring VEGFR-2+ (CD31+) endothelial cells (Fig. 4D ).
pRolIFeRatIoN oF pBg CellS IS aSSoCIateD WItH RegeNeRatIoN oF epItHelIal MoNolayeRS
Immunohistochemistry for Ki-67 revealed that whereas no proliferating PBG cells were present at baseline, during the culture period a substantial amount of proliferating cells within the PBG was observed. We quantified the extent of PBG proliferation by calculating the proliferation index (Fig. 5A ). Proliferating cells appeared within the first 24 hours after reoxygenation, after which the proliferation index increased and peaked at 72 hours of incubation and then gradually declined. From 48 hours onward, the proliferation index was significantly higher compared with baseline (P = 0.004). In parallel, regeneration of CK19-positive epithelium was observed after 144 hours and quantification of CK19 expression showed a pattern reminiscent of the PBG proliferation index, suggesting an increase of biliary epithelial cells due to PBG cell proliferation (Fig. 5B ). In addition, epithelial monolayers in proximity of PBG collections were formed at an open space within the section after 144 hours of incubation, suggesting that proliferating PBG cells migrated to create epithelial layers at any tissue surface that was encountered (Fig. 5C ). In support of this, newly formed epithelial monolayers appeared at the luminal and basolateral side of the slices at 72 hours of incubation ( Fig. 6A-E) . To confirm that the newly formed monolayers at basolateral sides were epithelium and not mesothelium, we stained the slices for EpCAM and calretinin, which are specific for epithelium and mesothelium, respectively. Monolayers at all stroma surfaces were EpCAM positive and calretinin negative, confirming the regeneration of epithelium at several sides in the tissue (Fig. 6D,E) . Collectively, these findings suggest that ischemia and subsequent reoxygenation induced severe damage to biliary epithelial cells, but the residual PBG cells were able to proliferate and replenish the lost cells (Fig. 5D ).
CHaNge oF pBg pHeNotype INDICatINg MatURatIoN DURINg pRolIFeRatIoN aND RegeNeRatIoN
In general, 30%-50% of the PBG contained Sox9expressing cells during all time points, indicating an endoderm progenitor phenotype (Fig. 7A ). To explore maturation of proliferating and migrating PBG cells, we performed real-time quantitative PCR to assess mRNA expression for homeobox protein Nanog (Nanog), a transcription factor critically involved with self-renewal of undifferentiated stem cells, and mRNA expression of cystic fibrosis transmembrane conductance regulator (CFTR), a transporter that characterizes mature cholangiocytes. Relative Nanog gene expression decreased over time with a significant reduction at 144 hours of oxygenated incubation, compared with baseline (P = 0.001) ( Fig. 7B ). Presence of cells with nuclear Nanog positivity within PBG was also confirmed by immunohistochemistry (Fig. 7B) . In contrast to Nanog, relative CFTR gene expression increased over time and levels were significantly higher at 144 hours compared with baseline (P = 0.025). Accordingly, the ratio between CFTR and Nanog gene expression increased over time, indicating an overall differentiation from primitive and pluripotent to mature phenotype (Fig. 7D) . The increased gene expression of CFTR was paralleled by a progressively more extensive apical immunofluorescence staining of CFTR at 72 hours and 144 hours, compared with baseline ( Fig. 7C ). Maturation of proliferating pluripotent PBG cells into adult cholangiocytes was confirmed by the expression of secretin receptor, which mostly appeared after 144 hours (Fig. 7E) . Changes in Nanog and CFTR expression were evident at 24 hours, which coincided with the initiation of PBG proliferation as demonstrated by Ki-67 expression (Fig. 5A) . Additionally, preservation of radial organized PBG has been studied in the present ex vivo model. Deep and periluminal PBG were phenotypically characterized in terms of Sox9 and PCNA expression ( Fig. 8A) . PBG located in the deeper position were characterized by a higher expression of Sox9 and PCNA compared with periluminal-located PBG in continuity with luminal epithelium. Luminal epithelium was almost Sox9-and devoid of proliferating PCNA+ cells. In addition, Sox9+ PBG were characterized by a significantly higher proliferation index (i.e., percentage of PCNA positivity; Fig. 8B ) and lower cleaved caspase-3 expression compared with Sox9-PBG cells (Fig. 8C) , thus indicating that progenitor cells were less likely to be affected by apoptosis.
Discussion
This study provides evidence that supports the concept of proliferation, maturation, and migration of PBG-derived cells toward mature cholangiocytes after severe bile duct injury. It also provides evidence that PBG play a role in the restoration of biliary epithelial lining after severe bile duct injury in the human liver.
The main observations of this study indicate that after severe ischemia-induced bile duct wall injury and luminal biliary epithelial cell loss, PBG cells are relatively spared and remain viable. Although some PBG are affected and react with dilatation, necrosis, and apoptosis, surviving PBG respond with proliferation and regeneration of the epithelial lining, paralleled by a concentric organization of myofibroblasts and activation of HIF and VEGF signaling. During this process, PBG-derived cells change from a primitive and pluripotent phenotype located in the deeper layers of the bile duct wall to a mature biliary epithelial cell phenotype near the luminal surface.
In the present study, we used a model to assess the spatiotemporal activation of PBG cells and biliary epithelial regeneration after severe injury, including loss of the luminal biliary epithelial lining, of large human bile ducts. Other models that have aimed to study activation of the biliary stem cell compartment and thereby attempted to recapitulate the human situation included lineage-tracing studies in mice and organoid systems. (12, 13) Whereas lineage tracing is restricted to animal models, organoid systems fail to capture the actual human anatomical organization of various cell types, including stromal cells, endothelium, and PBG cells. (14) With the described model of precision-cut bile duct slices, we succeeded in providing an ex vivo situation with an intact anatomical organization of cellular structures using human tissue, avoiding the limitations of the aforementioned research models.
Until recently, PBG were mainly considered secretory glands, producing mucus and humoral factors relevant for maintaining a healthy biliary epithelium. (15) However, over the past decade, PBG cells have been characterized in more detail and stem cell properties of PBG have come to light. (1, 3, 16, 17) Although marked proliferation of PBG in the context of large bile duct pathologies has been described for hepatolithiasis, for primary sclerosing cholangitis, and after ischemia, (4) (5) (6) today's view on PBG and their counterparts in the pancreas and liver suggests that several other hepato-pancreato-biliary diseases are also linked with these progenitor cell compartments. (2, 18, 19) In support of this, the current ex vivo study demonstrated the central role of PBG in bile duct recovery after severe ischemic damage.
We found a specific pattern of PBG cell proliferation with a noticeable increase in the first 24 hours after reoxygenation of ischemically injured human bile ducts. These findings are in accordance with previous observations in animal models of other types of cholangiopathy. In a model of mechanically induced bile duct injury in guinea pigs, PBG have been described as crypts and glands in which all stages of mitoses can be observed 24 hours after the injury, resulting in small patches of newly formed epithelial layers. (20) In addition, pronounced PBG cell proliferation has been described 24 hours after bile duct ligation in mice. (21) In our ex vivo model of human precision-cut bile duct slices, patches of newly formed epithelial cell layers appeared in the proximity of PBG collections, yet at both the basolateral and luminal side of the slices. The formation of new epithelium at the basolateral sides may, at first glance, seem contradictory to the peribiliary anatomical design in which PBG cells can replenish the luminal epithelium through small connecting tubules that run transversely through the mural stroma. (21) However, in our model of cultured, ultrathin bile duct slices of approximately 300 µm, connecting tubules between PBG and the central lumen may be transected, resulting in a lack of mechanical guidance for migrating PBG cells. Our observations suggest that because of the lack of navigating tubules, proliferation and migration of PBG cells in our model occurred in random directions until the migrating cells encountered an open space to line its uncovered surface.
In addition to the maturation and migration of PBG cells, we also found evidence for a change from a quiescent phenotype toward a more reactive and activated phenotype. This was illustrated by the increased expression of HIF1-α, Glut-1, VEGF-A, VEGFR-1, and VEGFR-2 during 144 hours of oxygenated incubation. It is well known that HIF1-α is translocated into the nucleus of the cell in response to hypoxia, leading to increased transcription of VEGF, Glut-1, and carbonic anhydrase 9. VEGF and Glut-1 orchestrate angiogenesis and glucose metabolism, respectively. (22) Our findings suggest that hypoxia, manifest during static cold storage before oxygenated incubation, stimulated translocation of HIF1-α and subsequent initiated proangiogenic and metabolic pathways. Interestingly, PBG express VEGF-R, thus suggesting not only a paracrine effect on neighboring endothelial cells but also an autocrine/paracrine effect on PBG cells. This aspect parallels studies on mature cholangiocytes, indicating VEGF as a growth factor implicated in cholangiocyte proliferation. (23, 24) Notably, a reorganization of stromal cells was evident during incubation, with a concentric arrangement of myofibroblasts encircling PBG clusters. In addition, the distance between PBG acini increased, suggesting stromal cell expansion within the normally compact PBG clusters. At baseline, the freshly isolated donor bile ducts presented with a normal morphology of PBG clusters: small cells forming small acini in compact clusters. However, during 144 hours of postischemic incubation, PBG started to proliferate and differentiate into mature cholangiocytes, generally recognizable by their higher cytoplasm-to-nucleus ratio. (25) In the current study, the presence of larger PBG acini could be due to differentiation toward mature (and large) cholangiocytes. Studies on hepatic stem cells have demonstrated that lineage-stage appropriate epithelial-mesenchymal partners with relevant paracrine signaling are highly effective in stimulating differentiation. (26, 27) In addition, differentiation of bipotent progenitor cells toward a biliary fate in the hepatic progenitor niche, known as the Canals of Hering, requires deposition of collagens. (28, 29) Thus, we speculate that the observed stromal remodeling could be a consequence of proliferation and differentiation of the progenitor stem cell compartment within PBG and activation of its stromal companion in similarity with the hepatic progenitor niche behavior.
Previous studies using in vitro cell cultures of isolated PBG cells have demonstrated the ability of these cells to proliferate and differentiate into mature cell types, including hepatocytes, cholangiocytes, and pancreatic cells. (1) This confirms the pluripotency of PBG along the biliary tree, which is indicative of a primitive cell type. Primitive and pluripotent cells are known to be highly resistant to ischemia and other forms of damage, compared with mature cells. (30, 31) This is confirmed by our findings of a relative preservation of PBG despite massive luminal epithelial cell loss and mural stroma necrosis in ischemically injured large extrahepatic and intrahepatic bile ducts. The epithelium of the biliary tree consists of small cholangiocytes that populate the proximal side of the biliary tree and large cholangiocytes that cover the large intrahepatic bile ducts and extrahepatic bile duct. (25, 32, 33) Large cholangiocytes respond to damage with different intracellular pathways and are more differentiated than small cholangiocytes. Over the course of biliary damage, large cholangiocytes are the first to be affected and are sequentially replenished by proliferating small cholangiocytes. Previous experiments on the role of PBG in cholangiopathies have reported that PBG respond with low proliferation rates to mild biliary injuries whereas severe posttransplant cholangiopathy results in high rates of PBG proliferation. (17) Moreover, PBG activation corresponded with disease progression in primary sclerosing cholangitis. (4) Altogether, these findings and our current results indicate that following bile duct damage, PBG may serve as a cholangiocytic regenerative reservoir and that the rate of PBG activation is influenced by the extent and progression of the defects.
The proliferation and migration of PBG cells have been associated with a maturational lineage process from the bile duct periphery to the luminal surface. (34) In the current study, we were able to confirm this by demonstrating that in ischemically injured bile ducts, Sox9+/PCNA+ cells were situated in deeper-located PBG. In general, our results indicated that progenitor cells with high regenerative capacities were settled in the deeper layers of the bile duct wall and were able to mature and regenerate the biliary epithelium.
The current view of the biliary tree as a heterogeneous cellular network is supported by the clinical spectrum of cholangiopathies that exclusively manifest at specific sites. Primary biliary cholangitis, for example, is restricted to the small intrahepatic bile duct and involves the hepatic progenitor compartment, whereas in primary sclerosing cholangitis the large intrahepatic and extrahepatic bile ducts are affected, including involvement of the PBG. (35) Ischemiareoxygenation injury, as can be found after liver transplantation, mainly affects the large cholangiocytes of the larger bile ducts. Therefore, posttransplant cholangiopathy mainly affects the larger intrahepatic and extrahepatic bile ducts and involves damage to the PBG cell compartment, a finding that is supported by our results. (6) Unfortunately, we could not obtain sufficient numbers of bile duct slices from different parts of the large intrahepatic and extrahepatic bile ducts to demonstrate differences in PBG expression profiles between these different parts. Therefore, the inability to consider the longitudinal axis of biliary heterogeneity should be noted as a limitation of the current study. In addition, pathways that drive ischemiareoxygenation-induced biliary proliferation and remodeling could have been characterized in more detail by biochemical analyses of culture medium samples. Unfortunately, we did not collect these samples in the current study.
In conclusion, we succeeded in recapitulating human biliary regeneration driven by PBG proliferation and maturation in its original anatomical cellular organization. In contrast to biliary epithelial luminal lining and stromal cells, PBG are remarkably resistant to ischemia-reoxygenation injury. After severe bile duct injury, PBG cells are able to respond with proliferation, migration, and maturation to restore biliary integrity. Therefore, this study provides evidence to support the concept that PBG respond to bile duct injuries by restoration of the biliary integrity and confirms the protective role of PBG in the development of large duct cholangiopathies.
